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raphene, as a single layer of sp*-
G bonded carbon atoms packed into

a two-dimensional honeycomb crys-
tal lattice, has attracted much interest since
its first isolation in 2004." Due to its superb
properties such as high carrier mobility, che-
mical stability, optical transparency, and low
density, graphene has been seen as an ex-
cellent material for electronic, optical, and
sensor devices.> * However, the semimetal
and zero band-gap electronic structure of
pristine monolayer graphene limit its further
electronic and optical applications.”> Thus,
much effort has been focused on the study
of bilayer graphene, because AB-stacked
(Bernal) bilayer graphene would have a tun-
able band gap, while twisted bilayer graphene
would show angle-dependent electronic
properties.®”'® Both chemical vapor deposi-
tion (CVD) and solid carbon sources can be
used to fabricate graphene films with con-
trolled thickness on metal substrates.’* 24
However, in these methods, the obtained
graphene films need to be separated from
metal substrates and transferred to insulat-
ing substrates for further electronic proces-
sing. Recently, our group developed a new
pathway to grow large-scale bilayer gra-
phene directly on insulating substrates
without a further transfer process.? In that
method, the solid carbon source was de-
posited between nickel layers and insulat-
ing substrates and was then directly trans-
formed into bilayer graphene at 1000 °C. In
the experiments, we found the carbon be-
tween the nickel films and insulating sub-
strates could diffuse into the nickel films
and form graphene on the top and bottom
surface of the nickel upon cooling. Inspired
by these experiments, we now place the
carbon sources on the top of the nickel and
find that bilayer graphene also forms be-
tween the insulating substrates and nickel
layers due to carbon diffusion.
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ABSTRACT Here we report a transfer-free method of synthesizing bilayer graphene directly on

Si0, substrates by carbon diffusion through a layer of nickel. The 400 nm nickel layer was deposited

on the top of Si0, substrates and used as the catalyst. Spin-coated polymer films such as poly-

(methyl methacrylate), high-impact polystyrene or acrylonitrile—butadiene—styrene, or gas-phase

methane were used as carbon sources. During the annealing process at 1000 °C, the carbon sources

on the top of the nickel decomposed and diffused into the nickel layer. When cooled to room

temperature, bilayer graphene was formed between the nickel layer and the Si0, substrates. The

nickel films were removed by etchants, and bilayer graphene was then directly obtained on Si0,,

eliminating any transfer process. The bilayer nature of the obtained graphene films on Si0,

substrates was verified by Raman spectroscopy and transmission electron microscopy. The Raman

spectroscopy mapping over a 100 x 100 umz area indicated that the obtained graphene is high-

quality and bilayer coverage is approximately 70%.

KEYWORDS: bilayer graphene - synthesis - solid carbon source - chemical vapor

deposition - Raman spectroscopy - TEM

Here, we demonstrate a facile synthesis of
bilayer graphene directly on SiO, substrates
by the diffusion and precipitation of car-
bon in nickel layers. The carbon sources
come from either solid polymer films of
poly(methyl methacrylate) (PMMA), high
impact polystyrene (HIPS), or acrylonitrile—
butadiene—styrene (ABS), or gas flow of
methane on the top side of nickel layers.
When the samples were annealed under
Ar/H, flow and at 1000 °C, the carbon sources
decomposed and the carbon dissolved and
diffused into the nickel layer and deposited on
both sides of the nickel to form graphene
upon cooling. After etching away the nickel,
bilayer graphene was obtained directly on the
SiO, substrates.

RESULTS AND DISCUSSION

Figure 1 illustrates the procedure for the
growth of bilayer graphene directly on
the SiO, substrate. The SiO, substrate was
cleaned with oxygen-plasma and Piranha so-
lution (4:1 sulfuric acid/hydrogen peroxide),
and then a 400 nm thick nickel film was
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Figure 1. Schematics of the growth of bilayer graphene from a solid carbon source. A 400 nm nickel film was thermally
evaporated onto SiO, substrate, followed by the spin-coating of polymers on the nickel. After annealing samples at 1000 °C
under a reductive Ar/H, pressure for ~10 min and then etching away the nickel, bilayer graphene is obtained directly on SiO,.
The polymer film formation can be replaced by exposure to methane during the annealing step.
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Figure 2. Raman spectra of PMMA-derived bilayer graphene. (a) Typical Raman spectrum of PMMA-derived bilayer graphene.
The inset shows that the 2D peak can be deconvoluted into four components: 2D;g, 2D, 2D,,, and 2D, from the left to the
right. (b) D/G peak ratio mapping of the PMMA-derived bilayer graphene film over a 100 x 100 m? area. (c) G/2D peak ratio
mapping of the PMMA-derived bilayer graphene film over a 100 x 100 zm? area. (d) fwhm Raman mapping of the PMMA-
derived bilayer graphene film over a 100 x 100 um? area. The scale bar in (b), (c), and (d) is 20 um.

thermally evaporated onto the top of the SiO, sub-
strate used as the metal catalyst. Either solid polymers
(PMMA, HIPS, or ABS) or gas-phase methane was used
as a carbon source for the transfer-free growth of
bilayer graphene. For the solid carbon source, the
polymers were spin-coated onto the top of the nickel
film, followed by annealing samples at 1000 °C for ~10
min with a reductive gas flow (H,/Ar) under low-
pressure conditions (~7 Torr). For the gas carbon
source, methane was used during the annealing pro-
cess under ambient pressure. Detailed growth proce-
dures are summarized in the Experimental Section.
During the annealing process, the carbon sources
decomposed, and dissolved and diffused in the nickel
film. Upon fast cooling, carbon precipitated from the
nickel film and formed graphene on both sides of the
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nickel film. After dissolving away the nickel film to-
gether with graphene on its top using Marble's re-
agent, bilayer graphene was obtained directly on the
SiO, substrate, eliminating any transfer process.

With PMMA used as the solid carbon source for the
transfer-free growth of bilayer graphene on SiO,, Raman
spectroscopy was used to analyze the number of layers
and the quality of the graphene. Figure 2a is the typical
Raman spectrum of the PMMA-derived bilayer graphene
on Si0,, showing that the G peak at ~1580 cm ™' and the
2D peak at ~2700 cm ™' are comparable in intensity, and
the full-width at half-height maximum (fwhm) of the 2D
peak is about 50 cm ™. Furthermore, the 2D peak (the
inset in Figure 2a) is asymmetric and can be deconvo-
luted into four small peaks, 2D.g, 2D 2D;a and
2D,g, which correspond to four permissible photon
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Figure 3. TEM analysis of PMMA-derived bilayer graphene. (a) Low-resolution TEM image showing bilayer graphene films
over alarge areaona TEM grid. (b and c) HRTEM images of bilayer graphene edges that show two carbon layers. (d) Hexagonal
SAED pattern of the bilayer graphene that shows a rotation angle of ~12° between the two layers.

transitions in graphene® ?° The 2D peak position,
fwhm, and shape, together with the G to 2D peak ratio,
all indicate that PMMA-derived graphene on SiO, is
bilayered.2**'?*73° The small D peak at ~1350 cm™"
in Figure 2a suggests that PMMA-derived bilayer gra-
phene has few defects or symmetry-broken sites. The
high quality of PMMA-derived bilayer graphene over
large areas was demonstrated by the Raman mapping of
the D to G peak intensity ratio. Figure 2b shows that the
D to G peak ratio over around ~99% area is below 0.1,
suggesting the high quality of the obtained graphene
film. A four-probe measurement of the graphene film
shows a sheet resistance of ~2000 Q/sq, which further
confirms the high quality of the PMMA-derived gra-
phene film?? The uniformity and the coverage of
PMMA-derived bilayer graphene were determined by
Raman mapping of the G to 2D peak intensity ratio
(Figure 2¢) and 2D peak fwhm (Figure 2d) over a 100 x
100 um? area. Considering that many factors could
affect the Raman spectra of graphene,'>?'~2* we set a
range of the G to 2D peak ratio from 0.7 to 1.3 and the
fwhm of the 2D peak from 45 to 60 cm ™' to estimate the
bilayer coverage.'>??? Those that have a G to 2D peak
ratio lower than 0.7 and fwhm of 2D peak lower than

PENG ET AL.

45 cm™ " are considered to be monolayer graphene, and
the samples that have a G to 2D peak ratio higher than
1.3 and fwhm of the 2D peak higher than 60 cm ™" are
considered few-layer graphene. According to this criter-
ion, the bilayer graphene coverage was ~70%. Mono-
layer and few-layer graphene can also be found in ~20%
and ~10% of the area, respectively, and their typical
Raman spectra are summarized in Figure S1.
PMMA-derived bilayer graphene was further char-
acterized by TEM. The graphene film was removed
from the SiO, substrate using buffered oxide etch and
then transferred onto TEM grids for further character-
ization. The suspended graphene films on the TEM
grids are continuous over a large area, as shown in low-
resolution TEM (Figure 3a). Randomly imaged gra-
phene edges (Figure 3b and c) show two carbon layers,
verifying the bilayer nature of the graphene film.%* The
randomly selected area electron diffraction (SAED)
pattern clearly shows two typical hexagonal crys-
talline structures of graphene with a small angle 6. In
Figure 3d specifically, 6 is about 12°, but in other areas
6 could be from 0° to 30°. If we reduced the spot size of
the SAED analysis, two sets of hexagonal diffraction
patterns were still found. We also did FFT calculation in
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Figure 4. Raman spectroscopic analysis of graphene from different growth conditions. (a) Raman spectra of graphene on the
top of the nickel layer before and after UV-ozone exposure, and graphene on the substrate after UV-ozone exposure and
nickel removal. (b) Raman spectra of PMMA-derived graphene by different metal catalysts.

an area as small as 20 x 20 nm?, as shown in Figure S2.
Two sets of hexagonal diffraction patterns remained,
indicating that the obtained graphene layers are non-
Bernal (non-AB) stacked. Although some areas appear
to be Bernal (AB) stacked by only one 6-fold symmetric
pattern, most of the bilayer graphene (~95%) is non-
Bernal. We cannot determine whether the angle results
from transfer to the TEM grid or during the growth
process. There is a possibility that the SAED patterns in
Figure 3d and FFT patterns in Figure S2 come from two
very small single domains (<20 x 20 nm?) of Bernal
bilayer graphene. But such highly polycrystalline graphene
film should have a larger D peak in the Raman spec-
trum, which has not been observed in our case.

A carbon diffusion mechanism is proposed for
the growth mechanism of bilayer graphene on SiO,
substrates. During the annealing process at 1000 °C,
the PMMA decomposed, dissolved, and diffused into
the whole nickel film due to high solubility of carbon in
nickel. When the sample is removed from the hot zone
of the furnace and rapidly cools, carbon precipitates
from both sides of the nickel layer to form graphene
films. In most cases, few-layer graphene was obtained
on the top of nickel (see the black curve in Figure 4a).
However, after etching the nickel films, bilayer graphene
was obtained directly on SiO,, as the constrained envir-
onment between the nickel film and the SiO, substrate
apparently benefited the growth of bilayer graphene.

A control experiment was conducted and is shown in
Figure 4a, demonstrating that the graphene layer on the
SiO, is not from the top side of the nickel. The black curve
in Figure 4a shows that the graphene on the top side of the
nickel has a small D peak with Ip/lg < 0.1. After being
treated by UV-ozone for 15 min, the D peak increases, with
Ip/lc ~ 0.8, indicating the graphene film on the top of
nickel was badly damaged. After etching the nickel film
using Marble's reagent, bilayer graphene with a small D
peak was still obtained on SiO,. From this control experi-
ment, it is evident that the bilayer graphene on the SiO; is
indeed formed underneath the nickel layer and is not from
the top of the nickel layer. As a comparison, copper was
also used as the catalyst for the transfer-free growth of
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graphene. Here a 400 nm copper film was deposited on
the SiO, substrate, PMMA was used as the carbon source,
and other conditions are similar to that of nickel. How-
ever, after etching the copper film using Marble's reagent,
almost no carbon was obtained on the SiO, substrate
(the black curve in Figure 4b). From this result it is apparent
that carbon has too low a solubility in copper and it is
difficult for carbon to diffuse below the copper film>'
Recently, Su et al. used a thinner copper layer to grow
graphene between the metal layer and substrate>? In their
case, methane was used as the continuous carbon supply,
and it is proposed that the carbon can diffuse through the
copper layer at the grain boundaries.

The above-proposed growth mechanism of bilayer
graphene was further supported by the following
experiments. The amount of PMMA on the top of the
nickel was adjusted by changing the spin-coating
speed and time, and its effect on the graphene growth
was determined. Figure 5a demonstrates that all four
spin-coating speeds led to the growth of bilayer gra-
phene on SiO, substrates, suggesting that the con-
strained environment between nickel films and SiO,
substrates plays a major role in the growth of bilayer
graphene. However, if none of the carbon source was
put on top of the nickel, nothing was obtained on the
SiO, under similar growth conditions (see Figure S3 in
the SI). Meanwhile, the effects of nickel film thickness
on bilayer graphene growth were also investigated.
Figure 5b shows that nickel film thickness has a limited
effect on the bilayer graphene growth since all three
nickel film thicknesses, 400, 250, and 170 nm, led to the
formation of bilayer graphene on SiO,. However, when
the thickness of the nickel film was decreased below
170 nm, most of the nickel evaporated during the
annealing process at 1000 °C and results in the growth
of discontinuous graphene with a large D peak.

Different annealing temperatures were also used
for the growth of PMMA-derived bilayer graphene.
Figure 5¢c demonstrates that the lower limit of anneal-
ing temperature for high-quality graphene growth is
~900 °C; when the annealing temperature was low-
ered to 800 °C, the obtained bilayer graphene had a
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Figure 5. Raman spectra of bilayer graphene from different carbon sources and UV-ozone experiments. (a) Raman spectra of
bilayer graphene films of different PMMA thicknesses by adjusting spin-coating speeds. (b) Raman spectra of PMMA-derived
graphene with different thicknesses of nickel layers. (c) Raman spectra of PMMA-derived graphene grown at different
temperatures. (d) Raman spectra of HIPS-, ABS-, and CVD-derived bilayer graphene.

large D peak in the Raman spectrum, with Ip/Ig ~ 0.7.
This was also consistent with previous experiments,
where a lower growth temperature would cause a
larger D peak.>® Other polymers including HIPS and
ABS were also deposited on the top of the nickel film
and used as solid carbon sources for the transfer-free
growth of graphene. The Raman spectra in Figure 5d
indicate that both HIPS and ABS lead to the formation
of bilayer graphene on SiO, substrates. The Raman
mapping of the G/2D peak ratio, D/G peak ratio, and
fwhm of HIPS-derived graphene in Figure S4 indicate
that the quality of HIPS-derived bilayer graphene is
almost as high as PMMA-derived graphene. For ABS-
derived graphene, a larger D peak is observed with
Io/lc ~ 0.2. This is because ABS contains nitrogen
elements in its chemical structure and results in the
formation of nitrogen-doped graphene, which is further
supported by X-ray photoemission spectroscopy (XPS)
characterization (Figure S5). The N1s peak at ~400 eV
can be deconvoluted into two peaks located at
399.6 and 401.2 eV, corresponding to pyridinic N and
quaternary N in graphene, respectively. A gas-phase
carbon source, methane, was also used for the
transfer-free growth of graphene on SiO, substrates
(Figure S6). The blue curve in Figure 5d indicates that

EXPERIMENTAL SECTION

Synthesis of Graphene Film. The bilayer graphene films were
synthesized by carbon diffusion into the nickel layer and
precipitation below the bottom of the nickel layer. Prior to
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methane-derived graphene is also bilayered. This is
further proven by TEM images of CVD-derived gra-
phenein Figure S7. The effects of methane flow rates
on graphene growth were investigated and are
shown in Figure S8. The result shows that when the
flow rate of methane is larger than 60 sccm, the D
peak of the obtained graphene is minimized, and in
all cases bilayer graphene is still the major adduct.
This also indicates that the key factor for the growth
of bilayer graphene is the constrained environments
between nickel films and SiO, substrates instead of the
amount of carbon source.

CONCLUSION

In summary, we have developed a facile synthesis
method for large-scale and high-quality bilayer gra-
phene directly on SiO, substrates by carbon diffusion
through nickel layers, eliminating any transfer process.
Moreover, it does not require the deposition of metal
on top of a precise thickness of polymer film as in our
previous protocol.?® This scalable method should be
compatibile with graphene-based electronic device
fabrication needs. This growth method of high-quality
bilayer graphene would further facilitate the future
research and applications of graphene.

evaporating the nickel layer, the 500 nm thick SiO./Si** sub-
strates underwent a surface cleaning by oxygen-plasma etching
for 10 min, followed by immersion in Piranha solution (4:1
sulfuric acid/hydrogen peroxide) at 95 °C for 30 min, sonication
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(Fisher Scientific FS110H) in DI water for at least 60 min, thoroughly
rinsing with DI water, and drying under a nitrogen flow, and
further drying in a vacuum oven (~100 Torr) at 80 °C for 30 min.
Then, an Edwards Auto 306 thermal evaporator was used
to deposit the nickel layer on the top of the substrates. Nickel
powder (low carbon, Puratronic, 99.999%, C < 100 ppm) was
used as the nickel source and was loaded into an Al,O5 boat. The
substrates were fixed on the ceiling of the chamber. The nickel
was deposited at the rate of ~0.3 nm/s when the chamber
pressure was ~1 x 107° Torr. For graphene growth from solid
carbon sources, the polymer film was formed on substrates by
spin-coating 200 uL of polymer solution at 3000 rpm for 40 s.
The PMMA solution was 950 PMMA A4 from MicroChem Corp.
and was used without further treatment. HIPS solution was
made by dissolving HIPS (0.4 g, Poly One, 478W 69, lot #
VF1801RZ78) in anhydrous toluene (11.1 mL). ABS solution
was made by dissolving ABS (0.4 g, Poly One, PD1090 60, lot #
VE0601QD32) in THF (10.80 mL). The substrates were put into a
standard 1 in. quartz tube furnace for 7 to 20 min at 1000 °C
while feeding H, (50—600 sccm) and Ar (500 sccm) at a total
pressure of ~7 Torr. A copper enclosure formed by bending 25
um thick copper foil (Alfa Aesar, 99.98%) was used to cover the
substrates to trap trace O, and carbon in the system. For CVD
growth, the synthesis was conducted under ambient pressure
conditions with H, (50—600 sccm) and methane (20— 100 sccm).
The samples were fast-cooled to room temperature by quickly
removing them from the hot zone of the furnace using a magnetic
rod device. After the growth, Marble's reagent (CuSO,/HCI/H,0 in
a wt/vol/vol ratio of 10 g:50 mL:50 mL) was used as the etchant to
remove the nickel layer by placing the sample into the solution for
1 min, followed by washing in a mixture of DI water and ethanol
(10 mL:10 mL) for 30 s and drying with a nitrogen flow.

Characterizations. Raman spectra and mapping images of
graphene films were measured with a Renishaw RE02 Raman
microscope using 514 nm laser excitation at room temperature. A
2100F field emission gun transmission electron microscope was
used to take the high-resolution TEM images of graphene samples
transferred onto a lacey carbon (Ted Pella) or a C-flat TEM grid
(Protochips). XPS was performed on a PHI Quantera SXM scanning
X-ray microprobe with 100 zm beam size and 45° takeoff angle.
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